EE 232 Lightwave Devices
Lecture 16: p-i-n Photodiodes and
Photoconductors

Reading: Chuang, Chap. 15 (2" Ed)

Instructor: Ming C. Wu
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P-i1-n Photodiode
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Reverse-biased p-i-n junction
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-V Curve

i

Dark current: [ =1 (e**" —1)

Photocurrent: [ , = 9 p
®

opt

Quantum efficiency: 7 =7,(1-R)(1-e™*)

qV

Total current: [ =1 (e —1)+ I,
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Load Line for Biasing the PD
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Absorption Coefficient

e * Light intensity decays
5D _Z0 1S 1.0 i — . . . _
106 i 10 exponentially in semiconductor:
I(x)=1e"
105 Ge(\, = 1.24/E, = 1.88 im) - 4671 ] .
/ * Direct bandgap semiconductor

Ga 3oIn 74As ¢ /P 56

/(L pm) has a sharp absorption edge

104
« Si absorbs photons with

hv > E;=1.1eV, but the
absorption coefficient is small

— Sufficient for CCD

103 101

Absorption coefficeint o (cm™1)
Light penetration depth 1/t (Lm)

102

{102 « At higher energy (~ 3 eV),
: absorption coefficient of Si
wll . . RS - becomes large again, due to
02 04 06 08 1 12 14 16 18 direct bandgap transition to
Wavelength (um) h|gher CB
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Two Types of p-i-n Photodiodes

2552 — »
[ 4 NS
ANF
Surface-Illuminated p-i-n Waveguide p-i-n
n=n(-R)(1-e*) n=n,(0-R)1-e""")
n, . internal quantum efficiency n, : internal quantum efficiency

R : reflectivity . reflectivity

R
d : absorption layer thickness [': confinement factor
L : length of waveguide PD
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Ramo’s Theorem

Proof:
Work done on the charge:
—— W = Forcex Displacement

g
I b =g s

. o Work provided by power supply:
The current caused in external circuit

. . W =i(¢t)Vdt
by a moving charge ¢ moving at a N
volocity v(¢) in a parallel plate with
a separation of d and a voltage bias i(1)Vdt =q = dx

fVi
0 0= =
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Response of One Photogenerated
Electron-Hole Pair
| i(2) =i, (t)+i,(2)
e qv, rdl (1)
=

P <_% N qv, ! d 1, (1)
0 * d d—x x Time
: " Ve vh
|
Electron’ Total charge generated:
Trajectory o0 %0
i =i (Odt+ |i, ()dt
Time Hole Q _([ (1) _([ (1)

Trajectory

— qve d_x_l_qvh X
d v, d v,
v One absorbed photon —

=4
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Transit Time
i(¢)=1i,(¢)+1,(¢)

P O-» O-0-» |\
P

Many electron-hole pairs
generated

Electron current ends when the last electron
generated near P-side reaches N-electrode: 1 = d/v,
Hole current ends when the last hole generated

near N-side reaches P-electrode: ¢=d/v,

Hole is usually slower — A conservative estimate of the transit time: |7, = —
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Total Response Time of p-i-n

(1) RC time:

y
TRCZRCZR%

(2) Transit time:

Total response time:
T=Tp +7,

1
f.%dB z2_

(4 : area of p-1-n)
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Absorption layer thickness
for optimum frequency response:
ReA d
_I_
d v,

o[

1 1 v,
<

nt 4rx \ ReA

Optimum bandwidth occurs when

Red d

d v,

dopﬁmum =ReAv,

T:TRC+Tt =

— ]F3dB,maX

f3de2
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Small-signal analysis: assume the input
light 1s modulated at frequency w,

the photocurrent is proportional to

1

More Rigorous Analysis of

sin?

p-i-n Response Time

T,

|Z(t)| ” 1+ jowRC

The first term 1s single-pole response from RC,

while the second term is the phase delay due to

T

2
t

2

transit time response.
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20-1og ([H1(5;)|)]
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Comparison of Numeric Examples

20 T T T T

RC

20-1og ([H1(5;)|)]

7, =20ps — il |
1 |
faug = =4.6 GHz I
272' TRC + Tt 1x10°  1x10”  1x10® F 1x10°  1x10'"  1x10"!
Transit | =~ — "7
) a)ftj Time
| S1n 0 i
i(t)|oc = |H(w) 2010 [aa() |
i) 1+ joRC|| (wr,\’ | | _
2 - 40 ' ' ' ' "
1 1x10°  1x10”ax10® 1x10° 1x10'  1xi0"
. fi
Solving |H(a))| =—, fi,3=9.7 GHz T

Total

J2

The discrepancy is smaller when RC dominates,

20-10g ([113(s)] )]
and larger when transit time dominates. _af |

(Transit time response has a sharp drop-off).

—40
1x10° 1x107 1x10®  1x10° 1x10'0  1x10"
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Bandwidth-Efficiency Product

(1) For surface-illuminated p-1-n (assume AR coating: R=0%), in the extreme

of thin absorbing layer and transit-time-dominated response:
n= ni(l—e_ad) ~ 771(1—(1 —aa’)) = nl.ad

1vh
frs ™5

2 d
(2) On the other hand, the efficiency of waveguide p-1-n 1s

n=n, (1 - e_FaL) ~ Uiral’

Bandwidth-efficiency product: f, , xn = ( L Y, j(n ad) = UAaadn

1 d
RC-limited bandwidth: ~
Saas 21 Relw
. . 1 d nl'ad
Bandwidth-efficiency product: X1 =~ Tal)=-"
yP Joas 11 (272 Rngj(nl ) 27 Rew

—> In general, there 1s a bandwidth-efficiency trade-off
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Photoconductors
Dark current:
0,
J,=0,L = (noqun +poqup)E

*

. .

''''''
--------

il 3 !
— ? d Light 1llumination generate electron-hole pairs,
X

' . . -
'& increasing the conductivity:
Area = wx L don 5n
—=G,-—
dt T
Equivalent Circuit Steady state: d/dt --> 0

on=Gr
1 JJJ ” AJ=(5n-q(,un+Mp)E
Photoconductor requires both contacts to be

Ohmic and the semiconductor doping type to

be the same.
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Photocarrier Generation Rate

@ ? Light Intensity oc e
: A
— P (1-R) =] --mooemmeeee
— @ d l Opt( ) | -ad
] ; (1-e™)
.., =
Area = wx L d =
ot 1 . .
G,=n€ : photocarrier generation rate [ ——]
@ Iwd cm’s

n=n,1-R)(1-e*)
R : reflectivity of photoconductor surface

a: absorption coefficient

d : absorption lenght
e *’ . fraction of light remains after absorption length d
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Photoconductive Gain

Al =IwAJ = lw(Gofnq)(,un +,up)E

P, 1
Al =lw| n—£& T +u |E
[77 p— njq(ﬂn u,)
P. 1 q__ 1
Al ~n—2—1 E)=nP, ——1,—V
n="—,4(u,E)=nk, —~1,~v,
7, = — : transit time
V

n

o1
%) \J

/

Photocurrent Photoconductive
Gain
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Analogy to Current Gain in Bipolar
Transistor

Current gain in bipolar transistor:

ﬂ: [_C
[B
The current gain can also be expressed as

— Trb

z-l‘
i——[|

7, : transit time

T, . carrier recombination lifetime in the base
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Frequency of Photoconductors

aNn F, 1 N

= T’ - 8 100 T T T T T T T T T
dt ho lwd T, CI
Q
Small signal response: g Gpeg  Lin /7,=10,00
N=N,+Ne™ o o, o 7, /7, =1,000 1
P 1 N &€ cowp | 7,/7, =100
'wN. = L -1 q>) Gpe; 3 _
S T wd T % ey a5 =10 _
P | T T /7,=1
N, = w1/ 9
hw(lwd) jo+l/t 8 35565
-50 | | | | | | | | |
I =Jlws= (quvn)lw é 1 100 tx10* 1x10° 1x10° 11;10“’
- Frequency (Hz) i

£=(nq)(fn) I
P \ho)\t, )jor +1

(DC Quantum Efﬁcieney) X (Photoconductive Gain) X

(Normalized Frequency Response)
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